Adenovirus DNA is tightly bound to the nuclear matrix throughout the course of infection. Analysis of adenovirus DNA from infected HeLa cell nuclei after extraction with lithium diiodosalicylate and digestion with restriction enzymes demonstrated that the sites of tightest attachment occur in the terminal fragments of the linear viral chromosome. Analysis of viruses mutated in the precursor terminal protein coding sequence demonstrated that the terminal protein, which is covalently attached to the 5' end of each DNA strand, mediates the tight binding. Virions containing chromosomes with mutant terminal proteins were unpackaged and viral DNA accumulated in the nucleus at a normal rate and competed for the limiting component during transcription complex formation, but their early genes were transcribed at reduced efficiency by both RNA polymerases II and III. The transcriptional defects were not complemented by coinfection with a wild-type virus. We propose that the adenovirus chromosome may exist as a single chromatin domain during infection and that binding of DNA to the nuclear matrix may play a critical role in adenovirus transcription.
DNA is organized into domains within eukaryotic chromosomes. Domains are thought to correspond to DNA loops, ranging in size from 5 to 200 kb, that are anchored at their bases to the nuclear matrix (for review, see Feinberg and Coffey 1982; Pienta and Coffey 1984) . Attachment of specific DNA sequences to the nuclear matrix has been suggested to play critical roles in DNA replication and gene expression. Attachment may lead to activation or inactivation of entire domains of DNA containing many genes. It may also help to increase local concentration of factors involved in transcription and replication (e.g., Nelson et al. 1986) .
The notion that the nuclear matrix exists as a discrete structure has been a subject of controversy (for review, see Cook 1988) . Experimentally prepared "nuclear matrix" consists of the proteinaceous nuclear cage plus the RNA that remains after nuclei are extracted by one of several procedures. The original method of extraction involved the use of buffer containing a high salt concentration (Berezney and Coffey 1974) . More recently, other protocols have been detailed that involve low salt concentration plus the detergent lithium diiodosalicylate (LIS) (Mirkovitch et al. 1984 tration (Fey et al. 1986 ), or physiological salt concentration after encapsulation of the nuclei in agarose (Jackson and Cook 1985) . Some of these current technical advances in sample preparation have permitted the visualization of the nuclear matrix in a reproducible manner (Fey et al. 1986 ).
Regions of specific attachment of DNA to the nuclear matrix ]matrix attachment regions (MARs)] have been shown to comap with the boundaries of a chromatin domain for a chicken lysozyme gene (Phi- Van and Str~itling 1988) . MARs have been mapped to the 5'-flanking regions of active genes in Drosophila (Mirkovitch et al. 1984; Small et al. 1985; Gasser and Laemmli 1986a) and Chinese hamster cells (Dijkwel and Hamlin 1988) . Intragenie MARs have been mapped in the murine K lightchain gene (Cockerill and Garrard 1986) and in the Chinese hamster dihydrofolate reductase gene (Kas and Chasin 1987) . MARs have been found close to enhancer sequences (Gasser and Laemmli 1986a) , although the two elements are separable in at least some instances (Cockerill and Garrard 1986) . MARs have been mapped near replication initiation sites (Dijkwel and Hamlin 1988) , and origin and centromere elements have been shown to bind to the nuclear matrix in yeast (Arnati and Gasser 1988) . Consensus topoisomerase II binding sites are found within MARs (Cockerill and Garrard 1986; Gasser and Laemmli 1986b; Kas and Chasin 1987) , which has led to the suggestion that this enzyme plays a role in binding DNA to the nuclear matrix (Cockerill and Garrard 1986; Gasser and Laemmli 1986b) .
There is a great deal of indirect evidence supporting a role for the nuclear matrix in replication, transcription, and mRNA processing and transport (for review, see Verheijen et al. 1988 ). Placement of a chicken lysozyme gene MAR upstream of a reporter gene led to increased expression in a manner independent of position after stable transfection {Stief et al. 1989) , supporting the idea that specific association of DNA with the nuclear matrix contributes to transcriptional efficiency. However, it is difficult to evaluate the role of nuclear matrix in eukaryotic gene expression because of technical problems encountered in manipulating MARs, in controlling for the effects of nearby MARs on cellular chromosomes, and in demonstrating a direct effect of these manipulations on transcription.
The nuclear matrix appears to play a central role in the adenovirus (Ad) growth cycle. All of the Ad fragments generated by restriction digestion of infected cell nuclei were shown to remain bound to the nuclear matrix after extraction with buffer containing a high salt concentration (Younghusband and Maundrell 1982) . Recently, the terminal fragments of the Ad chromosome have been shown to be preferentially retained in the nuclear matrix fraction during the late phase of the infection (Bodnar et al. 1989) . Virion assembly and maturation occur in association with the nuclear matrix (Khitoo et al. 1986; Zhonge et al. 1987) , and the ultrastructure of the nuclear matrix is altered during the late phase of the viral growth cycle (Zhonge et al. 1987; Zhai et al. 1988) .
We employed the LIS extraction protocol (Mirkovitch et al. 1984) to reexamine the association of the Ad chromosome with the nuclear matrix. The sites of strongest association occurred in the terminal regions of the viral chromosome. The strong association is mediated by the virally encoded 55-kD terminal protein (TP). TP is covalently bound to the 5' end of each viral DNA strand (Robinson et al. 1973; Rekosh et al. 1977} and is synthesized as a 80-kD precursor (pTP), which acts to prime Ad DNA replication (for review, see Stillman 1983; Kelly 19841 . Mutant viruses carrying alterations within the TP gene exhibited a reduction in the strength of the association between viral DNA and the nuclear matrix. These mutants also displayed reduced levels of transcription by RNA polymerases II and III, raising the possibility that nuclear matrix association may be essential for optimal transcriptional activity of the Ad chromosome.
Results

Nuclear matrix association of Ad DNA
To monitor the association of Ad DNA with the nuclear matrix, HeLa cells were harvested at various times after infection with either wild-type virus (d1309) or an E1A-variant (dd343). Nuclei were prepared, extracted with LIS to yield nuclear matrices, and digested with HindIII to yield large fragments so that the entire viral chromosome could be screened for potential nuclear matrix as-sociation sites. The solubilized and nuclear matrix-associated DNAs were assayed by Southern analysis probing with s2p-labeled total Ad DNA {Fig. 1). The terminal DNA fragments were retained in the nuclear matrix fraction at all times after infection. In contrast, the intemal fragments were partially solubilized at all times after infection. It was difficult to digest either HeLa or Ad DNA in nuclear matrix preparations to completion with HindIII, particularly when the nuclear matrices were isolated from cells in the early phase of infection (the DNA was not redigested after isolation to avoid biasing the results; redigestion of partial digestion products, which included terminal and intemal fragments, would lead to the artifactual appearance of increased nuclear matrix association for the intemal fragments). The partial digestion products that contained a terminal fragment were also retained in the nuclear matrix fraction {noted in Fig. 1 I. Under the conditions employed, Ad DNA replication began at -4.5 hr, and was maximal near 12 hr after infection {data not shown). Thus, nuclear matrix association of Ad DNA did not appear to change with the onset of replication. The terminal DNA fragments from d1343 were also specifically retained in the nuclear matrix fraction prepared 4.5 hr after infection, demonstrating that expression of the E1A transcriptional activator protein was not required for the normal association of Ad DNA fragments. The use of large restriction fragments in this analysis means that there was increased likelihood of "trapping" DNA fragments within the nuclear matrices. Thus, the fraction of the internal fragments specifically associated with the nuclear matrix is probably overestimated in this analysis. Nevertheless, this evidence indicates that there is a strong MAR located within each of the Ad terminal fragments throughout the infection.
To examine more stringently nuclear matrix association of the left end of the Ad chromosome, cleavage with BspRI, which cleaves 14 times within the left terminal 2.8-kb HindIII restriction fragment to yield small DNA fragments, and secondary extraction with 2 M NaC1 {Mirkovitch et al. 1984) were used. Nuclear matrices prepared by LIS extraction were digested with BspRI before or after secondary extraction with 2 M NaC1. The 269-bp Ad left terminal fragment bound to the nuclear matrix before and after extraction with 2 M NaC1 (Fig. 2) .
In contrast, extraction with 2 M NaC1 after, but not before, restriction digestion of LIS-extracted Drosophila nuclei led to solubilization of all DNA fragments, including those that associated with the nuclear matrix after LIS extraction alone (Mirkovitch et al. 1984) . The internal Ad BspRI restriction fragments were solubilized much more efficiently than were the larger fragments resulting from digestion with HindIII [cf. Fig. 2 with Fig.   1 ). This provides further evidence that the terminal region of the Ad chromosome contains a strong and specific MAR.
The role of terminal protein in nuclear matrix association
The terminal regions of the Ad chromosome share two The DNA was deproteinized, and identical amounts of Ad DNA in each lane were resolved by agarose gel electrophoresis, denatured, transferred to nitrocellulose, and probed with uniformly a2P-labeled Ad DNA. The terminal DNA fragments [2.8 kb and 1.0 kb for the left and right ends, respectively, of d/309; 2.8 kb and 1.3 kb for d1343, which has the packaging/E1A enhancer regions reiterated at the right end of the chromosome (Hearing and Shenk 1985) ] are indicated on the left side of the figure. Partial digestion products that contain the termini are indicated by asterisks. Large partial digestion products, resulting from incomplete digestion of DNA in the nuclear matrix after LIS extraction, occur as a smear near the top of the autoradiograph. Sizes of complete digestion products are indicated in kilobases on the right side of the figure. A map of the Ad genome with HindIII restriction sites and fragment sizes indicated above and transcription control regions indicated below is presented below the autoradiograph. obvious structural features: Inverted terminal repeats of 103 bp and the terminal protein (TP) convalently attached to the 5' end of each DNA strand (Robinson et al. 1974; Rekosh et al. 1977) . Either or both of these structures could mediate binding to the nuclear matrix.
A role for TP in nuclear matrix association was explored using viruses with mutations in the terminal protein gene (Fig. 3; Freimuth and Ginsberg 1986) . These mutants grow slowly, but eventually produce yields approaching those of wild-type virus (data not shown). To examine the nuclear matrix association of specific domains of cellular DNA, the DNA must be digested with a restriction enzyme to separate the MARs of interest from the m a n y other MARs on the same chromosome. In contrast, Ad DNA appears to contain only two strong MARs. If these correspond to a TP molecule at each end of the chromosome, a TP mutation would simultaneously alter both MARs. As a result of weakened attachment of TP to the nuclear matrix, the Ad chromosome would be released from the nuclear matrix without digestion. Accordingly, 4 hr after infection of HeLa cells with wild-type or mutant viruses (before the onset of D N A replication), nuclei were prepared and extracted with LIS. The resultant nuclear matrices were pelleted, D N A prepared from the pelleted (nuclear matrix) and soluble fractions without restriction digestion and bound to nitrocellulose using a slot blot apparatus, and viral DNA quantified by hybridization with a 32P-labeled probe consisting of the entire Ad chromosome (Fig. 4 , Table 1 ). This protocol, which avoids restriction digestion and transfer of the DNA from an agarose gel, permits accurate quantitation of the fraction of chromosomes released during LIS extraction. All of the TP mutations examined led to reduced nuclear matrix association. Generally, the amount of Ad DNA retained in the nuclear matrix fraction was reduced by a factor of 5 -1 0 in the TP mutants compared to the wild-type. In contrast, isolated Ad chromosomes, in which TP was denatured, were incapable of binding to nuclei either before or during extraction with LIS (Fig. 5 ). This further indicates that the association of the viral chromosome with the nuclear matrix is specific and not a result of aggregation or precipitation in the LIS solution.
Southern analysis of the HindIII-digested nuclear ma- Figure 2 . Specificity of binding to the nuclear matrix by the Ad left DNA terminus. HeLa suspension cells were harvested 12 hr after infection with d1309, nuclei were isolated, and nuclear matrices were prepared by LIS extraction. The matrices were either extracted with 2 M NaC1 before (lanes NaC1 lst) or after (lanes NaC1 2nd) digestion with BspRI, or digested without extraction with 2 M NaC1 (lanes no NaC1), as indicated in the flow diagram {top). The nuclear matrix-associated (lanes P) and solubilized (lanes S) DNA fragments were deproteinized, resolved by agarose gel electrophoresis, denatured, transferred to a nylon membrane, and probed with the a2P-labeled left terminal HindIII DNA fragment (2805 bp). The lane with DNA solubilized by 2 M NaC1 after digestion with BspRI does not include the DNA solubilized by BspRI digestion after LIS extraction. The terminal DNA fragment is identified, and the sizes of the completely digested DNA fragments are indicated. A schematic presentation of the left end of the chromosome is presented, with the E1A and E1B transcription start sites indicated above, the locations of BspRI cleavage sites indicated by vertical lines below, and the locations of the fragments from the autoradiograph indicated by their sizes below. The terminal fragment runs anomalously slow, possibly due to the presence of a residual fragment of covalently attached protein. The 222-bp fragment is poorly labeled due to the fact that it overlaps only 31 bp of the probe. trix-associated D N A from cells infected with sublO0 indicated that, of the relatively small amount of viral D N A that was associated with the nuclear matrix, the terminal fragments were preferentially retained (data not shown) as is expected if TP is the site of attachment and the binding constant is reduced by the mutation.
Efficient association of the wild-type chromosome and 1200 GENES & DEVELOPMENT inefficient association of the TP-mutant chromosomes with the nuclear matrix could be explained by non-specific binding of TP if the mutant TPs were degraded before or during infection. Degradation of mutant TPs before packaging or while in the virion was examined. T P -D N A complexes were purified from wild-type (di309) and mutant virions, and the proteins 12SI-labeled. The D N A was then degraded, and the proteins were analyzed by gel electrophoresis {Fig. 6). TP was present at approximately the same molar ratio on wild-type and mutant chromosomes. Western blot analysis of TP from D N A -T P complexes isolated 4 hr after infection demonstrated that TP from the pTP-mutant viruses was not degraded during the early phase of infection {data not shown). Thus, the mutations did not lead to degradation of TP. During infection by adenovirus, viral D N A reaches the nucleus as part of core particles. The capsid proteins remain outside the nuclear envelope when the core structures enter the nucleus (Morgan et al. 1969; Chardonnet and Dales 1972}. This indicates that unpackaging is dependent primarily on the host cell and the outer proteins of the viral capsid. However, TP could contribute to unpackaging. To examine this possibility, the accessibility of the TP-mutant chromosomes in the nucleus was examined through the use of a transcriptioncompetition assay. This assay measures transcription complex formation without disruption of the cells, so potential artifacts are minimized. Preinfection by one adenovirus can lead to inhibition of transcript accumulation from a second, superinfecting adenovirus due to the binding of limiting transcription components by the first virus to infect (J. Schaack, J. Logan, E. Vakalopoulou, and T. Shenk, in prep.). The degree of inhibition is reduced in the presence of high concentrations of the E1A 289R transcriptional activator protein, the limiting The sites of in-frame insertions and deletions for pTP mutants (Freimuth and Ginsberg 1986) used in this study are presented below. Two possible sites of cleavage of pTP during the maturation to TP are indicated (Smart and Stillman 1982; Tremblay et al. 1983 ).
component in E1A-dependent transcription (Brunet and Berk 1988) , so viral DNAs producing little or no wildtype E1A protein are efficient competitors if they bind transcription factors. Cells were infected with TP mutants (as well as E1A-and wild-type viruses as controls) for 30 min before superinfection with d1310, d1310 is phenotypically wild type, but contains an in-frame deletion within the region of the E1A gene encoding the 3' end, and thus produces transcripts that are distinguishable from those of the preinfecting viruses in an RNase protection assay (Winberg and Shenk 1984 (Fig. 7) , demonstrating that their promoters were accessible in the nucleus. The wild-type virus competed to a lesser degree due to efficient production of the E1A transcriptional activator protein.
Adenovirus transcription on the nuclear matrix The bands from the slot blot in Fig. 3 as well as blots from three other experiments were cut out, the specific activity quantitated by liquid scintillation counting, and the values expressed as the ratio of nuclear matrix-associated DNA to DNA solubilized by LIS extraction. The ratios were normalized by dividing by the ratio of bound/solubilized DNA for d1309, and are given as averages for all four determinations, d/309, d/338, and d/310 are wild type for pTP, while sublO0 through in190 carry mutations in this gene. (ND) Not determined.
The accessibility of the dTP mutant chromosomes in the nuclei of infected cells was also examined by limited DNase I digestion at various times from 30 to 60 min after infection (data not shown), pTP-mutant and wildtype viral chromosomes became susceptible to digestion at the same rate, indicating further that the pTP mutations did not affect unpackaging of the viral chromosome. Thus, both physical and genetic criteria indicated that unpackaging of the TP-mutant chromosomes occurs within the first 30 min of infection. We conclude that mutations within TP can alter the association of the Ad chromosome with the nuclear matrix.
Transcriptional control exerted through terminal protein
The test of the ability of TP mutant viruses to compete for the limiting transcription component(s) indicated Figure 4 . The role of TP in nuclear matrix association of viral DNA. HeLa suspension cells were infected with pTP-mutant viruses (sub 100 through in 190) and various control viruses with wild-type terminal proteins (d1309, dd338, and d1310) such that the same amount of Ad DNA reached the nuclei. Four hours later (before the onset of DNA replication), cells were harvested and nuclei were prepared and LIS extracted, as indicated in the flow diagram (top). The DNAs released by LIS extraction (L) and retained in the nuclear matrices (M) were purified, denatured, applied to nitrocellulose using a slot blot apparatus (2 ~g of total matrix-associated DNA or an equivalent fraction of solubilized DNA per slot), and probed with uniformly 32p-labeled Ad DNA. HeLa DNA represents background in the absence of infection. Quantitation of the data is presented in Table 1 . . Ad chromosomes with denatured TP do not bind to the nuclear matrix in vitro, dd309-TP complexes were isolated after denaturation of virion proteins. Purified complexes were added to isolated HeLa cell nuclei either before treatment of the nuclei at 37~ or immediately before extraction with LIS, as indicated in the flow diagram (top). The DNAs released by LIS extraction (L) and retained in the nuclear matrices (M) were purified and probed as in Fig. 4 . that the TP mutations led to reduced transcription (Fig.  7) . To test further the correlation between reduction in nuclear matrix association of Ad D N A and transcription of Ad genes, cytoplasmic and nuclear E1A m R N A accumulation from singly infected cells was examined {Fig. 8A,B). In the construction of the TP-mutant viruses, a frameshift mutation was introduced into a HmdIII site in the EIB 55-kD coding region (Freimuth and Ginsberg 1986} , which, by comparison with other E1B 55-kD mutant viruses [Williams et al. 1986; Pilder et al. 1986 ), could lead to defects in m R N A metabolism late, but not early, in the infectious cycle. A variant that expresses wild-type TP, but which has a deletion of a restriction fragment beginning at the same HindIII site within the E1B coding region {d/338; Logan et al. 1984) , was used for comparison with the TP mutants. RNAs from a phenotypically wild-type virus (d1309) and an E1A-virus (d1343) were also analyzed as controls. For all of the TP mutants, E1A m R N A levels were substantially reduced relative to those of d1338, which was equivalent to the wild-type dd309. The relative concentration of E1A m R N A s was similar in both the nucleus and cytoplasm, suggesting that there was not a defect in m R N A transport early in the infectious cycle.
Cold Spring
The E 1A gene encodes a protein that transcriptionally activates all of the early region Ad genes, including the E1A gene itself (Berk et al. 1979; Jones and Shenk 1979a; Hearing and Shenk 1985j . Because expression of E1A mRNAs was reduced in the TP mutants, the concentration of the E1A transcriptional activator protein was also reduced. To examine the extent of the transcriptional defect in the TP mutants as well as to ask whether E1A proteins can act to overcome the defect in nuclear matrix association, E1A proteins were added in trans by coinfection with d/310 (Fig. 8C) . The presence d1310. Four hours after infection with d1310, the cells were harvested, and cytoplasmic RNA was prepared. The RNA samples were examined for EIA mRNA by RNase protection (Melton et al. 1984) . The protected fragments were resolved by polyacrylamide gel electrophoresis. Protected fragments from both wildtype and pTP-mutant viruses are identified. A schematic presentation of the E1 region and the El-specific probes is presented below. Open rectangles indicate regions protected by the E1A and E1B mRNAs, all310 has a 27-bp deletion denoted by a solid rectangle that leads to the production of two small 3' exon fragments (the smaller protection fragment is not included on the autoradiographl. The pTP-mutant viruses have a 4-bp insertion, which leads to variable cleavage of the probe RNA within the 3' exon (see Fig. 8} . The ability of the preinfected viruses to compete for the limiting transcription component is indicated by the degree of reduction in concentration of d1310-specific E 1A mRNA.
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Cold Spring Harbor Laboratory Press on October 19, 2017 -Published by genesdev.cshlp.org Downloaded from mulation was also reduced for the TP mutants relative to the wild-type virus (Fig. 9A) . In control experiments, the levels of E1A proteins and mRNAs were found to be the same for uninfected 293 cells and for 293 ceils infected with TP-mutant or wild-type viruses (data not shown). Nuclear matrix association of the TP-mutant chromosomes in 293 cells was found to be defective to a similar degree as in HeLa cells (data not shown). Thus, it appears that transcription of Ad genes by RNA polymerase II and nuclear matrix association of Ad DNA are both dependent on a functional TP.
The Ad chromosome contains two genes, the VAI and VAII RNA genes, which are transcribed by RNA polymerase III. RNA accumulation from these genes is also dependent on E1A proteins (Hoeffler and Roeder 1985; Yoshinaga et al. 1986 ). VA RNA accumulation was examined by use of RNA isolated from the same infected 293 cells as for E2A m R N A analysis. Accumulation of VA RNAs was reduced from the T P mutants relative to the wild-type virus (Fig. 9B) . Thus, efficient RNA polymerase III-directed transcription also correlated with nuclear matrix association.
The experiments presented above suggest strongly that the primary defect in RNA accumulation from the TP mutants lies at the level of transcription. To confirm this, transcription run-on assays using isolated nuclei from 293 cells infected with either d1338 (with wild-type TP) or in 188 (with mutant TP) were performed ( Table 2) 3' exon in Fig. 8C to those in Fig. 8A) . Thus, the TP mutations led to a cis-acting defect in transcription.
The E1A promoter is located within the first 500 bp of the left end of the virus, and thus close to a MAR. If the Ad chromosome is organized as a single D N A domain between terminal MARs, a transcriptional defect should also be observed for genes whose promoters are located at a distance from a viral chromosomal terminus. To examine whether this was the case, RNA accumulation from the E2A region was examined (the E2A early promoter is located at 75 map units, or 9 kb from the nearer MAR). Because E2A transcription is very responsive to E1A proteins, E1A proteins were supplied in trans by infecting 293 cells, which contain and express the E1 genes from Ad5 (Graham et al. 1977) . E2A RNA accu- Figure 9 . E2A and VA RNA transcription from pTP-mutant viruses. 293 cells were infected such that the same amount of Ad DNA reached the nuclei. Four and one-half hours after infection, cells were harvested, and total RNA prepared. The RNA samples were examined for E2A mRNA (panel A) or VAI and VAIl RNA (panel B) by RNase protection. Protected species are indicated. The longer E2A species results from the use of a second polyadenylation site. Transcription initiation for the VAI RNA gene occurs from two sites when the 5'-flanking sequence is wild-type (as for the pTP-mutant viruses), but only from the second site when the nearby XbaI site has been lost, as in d1309 and d1338 (Thimappaya et al. 1979 The 293 cells were infected with d/338 or/n188. Four and onehalf hours after infection {before the onset of replicationl, nuclei were isolated and pulse-labeled during elongation of nascent transcripts. The RNA was purified and hybridized to specific DNAs immobilized on nitrocellulose using a slot blot apparatus. The bands derived from two independent experiments were cut out, the radioactivity quantified by liquid scintillation counting, the background 128 cpm) subtracted, and the average values presented in cpm and as a ratio of m188/d/338 infected ceils. E1A transcription includes transcription from the host cell copy of the E1A gene.
two viruses was observed for EIA transcription rates. Incorporation of label into nascent transcripts from the other early regions examined was reduced in the TP mutant relative to d/338, as expected. Thus, the defect in KNA accumulation is due, at least in part, to a decrease in the rate of transcription.
Discussion
We draw two main conclusions from this work. First, Ad DNA is bound tightly and specifically to the nuclear matrix through the covalently attached TP (Figs. 1, 2 , and 4, Table 1 ). Second, tight binding is correlated with efficient transcription (Figs. 8 and 9 , Table 2 ). Transcriptional activation by E1A proteins appeared to require efficient nuclear matrix association of the DNA, and E1A proteins supplied in trans did not overcome the defect due to reduced nuclear matrix association (Fig. 8C) . Although we have not demonstrated directly that nuclear matrix association is required for Ad transcription, this seems likely, particularly because seven viruses carrying independent mutations in the pTP gene (Fig. 3) all exhibited defects in both nuclear matrix association and transcription. TP may substitute for the cellular protein or proteins that normally mediate association of MARs with the nuclear matrix. The utilization of the same viral polypeptide to prime replication (for review, see Stillman 1983; Kelly 1984 ) and bind to the nuclear matrix (Figs. 1,  2 , and 4, Table 11 enables a nascent viral chromosome to become nuclear matrix associated at the moment that its replication begins. These two roles of the TP are functionally related, given the assumption that efficient replication of Ad DNA requires matrix association as is thought to be the case for cellular DNA replication (for review, see Verheijen et al. 1988 ).
Binding of Ad DNA to the nuclear matrix
The association of Ad DNA fragments with the nuclear matrix was examined previously by extraction of nuclei with buffer containing a high salt concentration. One of these studies indicated that all Ad DNA restriction fragments are bound throughout the infectious cycle (Younghusband and Maundrell 1982) . In contrast, LIS extraction followed by H/ndIII (Fig. 1) or BspRI (Fig. 2 ) digestion led to solubilization of internal fragments, whereas the terminal fragments remained almost quantitatively bound. Attachment sites that survive LIS extraction may be bound more tightly than those that are extracted only with buffer containing a high concentration of salt. However, preferential association of small terminal Ad DNA fragments with the nuclear matrix after extraction with buffer containing a high concentration of salt was noted during the late phase of infection {Bodnar et al. 19891.
Promoter regions or activation of transcription did not appear to play a key role in tight binding of Ad DNA to the nuclear matrix. The plX and IVa2 promoters are active only after the onset of replication, and the major late promoter becomes much more active at this time (for review, see Flint 1986 ). These promoters all reside on the same internal 3.4-kb H/ndlII fragment, but this fragment was not associated more strongly with the nuclear matrix after replication began (Fig. 1 }. Further, internal DNA fragments that do not contain promoters were not distinguishable by nuclear matrix association from those that do. This does not rule out the possibility that transcriptional control regions or transcription complexes contribute to binding to the nuclear matrix, however. These interactions may not be strong enough to survive LIS extraction. It is possible that weaker binding sites occur at many places on the Ad chromosome, and they may all contribute to the overall strength of nuclear matrix association.
It has been suggested that topoisomerase II may play a critical role in the specific binding of DNA fragments to the nuclear matrix (Gasser and Laemmli 1986b; Cockerill and Garrard 1986) . Topoisomerase II has been detected at sites of DNA loop attachment to chromosome scaffolds (Berrios et al. 1985; Gasser et al. 1986 ). Topoisomerase II, however, does not appear to be sufficient for association of the Ad chromosome with the nuclear matrix. During the early phase of infection, there is very little interaction, and during the late phase, significantly greater interaction, of topoisomerase II with the Ad chromosome. Strong topoisomerase II cleavage sites were observed throughout the viral chromosome, not just in the terminal fragments, during the late phase (Schaack et al. 1990 ). This contrasts with the specific nuclear matrix association of the terminal fragments and the lack of change in nuclear matrix association of internal fragments of the Ad chromosome during the infectious cycle.
Transcriptional activation by terminal protein
Transcription of viral genes by both RNA polymerase II and III was inhibited by a variety of mutations in the pTP gene (Figs. 8 and 9 , Table 2 ). TP functioned in cis (Fig. 8C) to enhance transcription at a distance. It influenced the activity of the E2 promoter (Table 2) which is -9 kb from the nearer TP attachment site. Its ability to act at a distance makes its function appear analogous to that of a transcriptional enhancer.
How does TP influence the efficiency of Ad transcription? It is possible that it acts in a manner similar to cellular DNA-binding proteins that stimulate transcription {for review, see Mitchell and Tjian 1989) . In fact, TP contains several sequence characteristics in common with known activation domains of cellular transcription factors. TP contains domains (amino acids 198-247, 13 of 50 acidic residues; amino acids 398-470, 26 of 73 acidic residues; amino acids 549-609, 15 of 53 acidic residues) whose negative charge is comparable to the acidic activating domains in transcription factors such as GCN4 (Hope and Struhl 1986) and GAL4 (Ma and Ptashne 1987) . The known acidic activating domains appear to have the capacity to form an amphipathic s-helical structure, and computer analysis indicates that two of the three acidic domains in TP exhibit this characteristic. TP also contains two proline-rich domains (amino acids 334-397, 13 of 64 proline residues; amino acids 649-667, 10 of 19 proline residues) comparable to the proline-rich activating domain of CTF/NF-1 (19 of 84 proline residues, Mermod et al. 1989) . It seems unlikely however, that TP, which is not bound to the terminal of the viral chromosome, acts in a fashion similar to the E1A proteins to stimulate a diverse array of transcriptional responses because the transcriptional defect of TP mutants could not be complemented in trans IFig. 8C}. Further, pTP did not act in trans to increase transcription of a reporter gene driven by the E2 early promoter either in the presence or absence of E1A protein as assayed by use of transient cotransfection of the various genes into HeLa cells (C.-Y. Chen and J. Schaack, unpubl.) .
TP may also enhance transcription through its ability to mediate attachment of the Ad chromosome to the nuclear matrix. We believe this hypothesis has merit for two reasons. First, seven different mutations spread across the pTP gene (Fig. 3) failed to separate attachment from transcription phenotypes. All seven mutant viruses were defective for nuclear matrix association (Fig. 4,  Table 1 ), and all seven exhibited reduced transcription of viral genes (Figs. 8 and 9, Table 2 ). Second, an effect of nuclear matrix association on transcription may explain the diversity of genes influenced by the TP mutations. The association could localize the viral chromosome so it has better access to transcription factors within the nucleus (for discussion, see Nelson et al. 1986 ). Alternatively, terminal matrix attachment sites could organize the viral chromosome into a single domain, and global influences such as torsional stress may modulate expression of all viral genes (for review, see Pienta and Coffey 1984) .
We cannot rule out the possibility that TP exerts its transcriptional effects simply by mediating circularization of the viral chromosome (Robinson et al. 1973) , but this mechanism seems unlikely. Denaturation of TP does not prevent, and in fact may be required for, its ability to aggregate and generate circular DNA molecules (Robinson et al. 1973) . In contrast, denatured TP did not bind detectably to the nuclear matrix in the LIS extraction protocol (Fig. 5) , and, given the assumption that the mutations in the TP gene we analyzed disrupt TP structure (discussed below), denatured TP would be unlikely to perform its transcriptional role.
Implications for terminal protein structure
All of the mutations studied, regardless of location within the pTP coding region, led to a reduced ability of the mutant DNAs to bind to the nuclear matrix (Fig. 4) . No correlation could be drawn between the site of the mutation in the TP gene and the degree of the effect on either transcription or binding to the nuclear matrix. It is unlikely that all of the mutations examined directly affect the nuclear matrix binding site. This suggests that the structure of TP is easily perturbed, and that a native structure is required for tight binding.
Mutations near the amino terminus of the pTP coding region block its activity in in vitro replication systems (Pettit et al. 1988 ) and affect pTP function in vivo (Freimuth and Ginsberg 1986) . During maturation of virions, pTP is proteolyzed and the carboxy-terminal 55-kD TP remains covalently attached to Ad DNA (Stillman et al. 1981) . The fate of the amino-terminal fragment is not clear. The reduced nuclear matrix association of viral DNAs with mutations in the amino-terminal portion of pTP (Fig. 3} suggests that the amino-terminal fragment may remain associated with the carboxy-termina155-kD fragment in the mature virion and after infection, and may contain the actual site of binding to the nuclear matrix. Alternatively, these mutations could exert their phenotype through partial denaturation of the 55-kD TP portion of pTP.
Materials and methods
Cells and viruses
Viruses used in these studies were d1309 (phenotypically wild type; Jones and Shenk 1979b), d1338 (E1B 55 kD-; Logan et al. 1984) , d1343 (E1A-due to a 2-bp deletion near the amino terminus of the coding region; Hearing and Shenk 1985}, d1310 {phenotypically wild type with an in-frame deletion of 27 bp in the region encoding the E1A 3' exon; Jones and Shenk 1979b; Winberg and Shenk 1984) , and a series of viruses, indicated in Figure 3 , mutated in the pTP coding region (Freimuth and Ginsberg 1986) . Viruses were grown from low multiplicity infections (2-3 viral genomes per nucleus, on average} of 293 ceils (Graham et al. 1977) . The important consideration in these studies was the number of viral genomes reaching the nucleus, so viral stocks were titrated in the following manner: HeLa suspension cells were infected, harvested by pelleting 4 hr later, lysed in SDS, deproteinized by digestion with 100 p.g of proteinase K per milliliter overnight at 37~ followed by phenol extraction and ethanol precipitation, and digested with RNase A; the DNA was denaturated, bound to nitrocellulose using a slot blot apparatus, and probed with uniformly 32P-labeled Ad DNA (Feinberg and Vogelstein 1983} . The Not was subjected to Cold Spring Harbor Laboratory Press on October 19, 2017 -Published by genesdev.cshlp.org Downloaded from autoradiography, the bands excised from the filter, and the sp. act. determined by liquid scintillation counting. Infections were performed so that an average of 25 viral genomes of each virus used reached each nucleus except where noted. For complementation assays using coinfection, cells were infected at 38~ to permit maximal transcription from the complementing virus (J. Schaack, J. Logan, E. Vakalopoulou, and T. Shenk, in prep.}. Zero time for infections is the time of mixing of cells and viruses. Most of the analyses were performed using HeLa suspension cells. In certain experiments, 293 cells were used to provide E1A proteins in trans.
Nuclear matrix association assays
Nuclear matrix association of viral DNA was assayed using the LIS extraction protocol (Mirkovitch et al. 1984 ) with minor modifications. In brief, nuclei were prepared by lysis of cells in hypotonic buffer [10 mM Tris-HC1 (pH 8), 10 mM NaC1, and 3 rn~ MgC12] containing 0.5% NP40 followed by washing in isolation buffer [3.75 mM Tris-HC1 (pH 7.4), 0.05 mM spermine, 0.125 rn~ spermidine, 0.5 mM EDTA, 1% (vol/vol) thiodyglycol, and 20 ~ KCI (Mirkovitch et al. 1984) ]. Nuclei were resuspended in a minimal volume of isolation buffer lacking EDTA, incubated at 37~ for 20 rain, and 20 volumes LIS extraction buffer [5 mM HEPES/NaOH (pH 7.4), 0.25 mM spermidine, 2 rnM EDTA, 2 ram KC1, and 25 m~ Li 3,5-diiodosalicylate (Mirkovitch et al. 1984) ] was added slowly with gentle mixing. After 5 rain at room temperature, the nuclei were pelleted, and the supematant was designated LIS extractable (nonnuclear matrix associated). After four washes with digestion buffer [20 m~ Tris-HC1 (pH 8), 0.05 mM spermine, 0.125 spermidine, 20 mM KCI, 70 mM NaCI, and 10 mM MgC12] , the pelleted material was designated the nuclear matrix fraction. To determine the locations of nuclear matrix attachment sites, DNA from nuclear matrix fractions was digested with HindIII or BspRI and Southern analysis performed with uniformly a2p_ labeled total Ad DNA or the left terminal HindIII restriction fragment (1-2805 bp) as probe, respectively. To determine the effects of pTP mutations on nuclear matrix association of Ad DNA, the DNA solubilized by LIS extraction of infected nuclei was compared to nuclear matrix-associated DNA by slot blotting and probing as above.
Assays of RNA
Cytoplasmic RNA was isolated by lysing of cells in hypotonic buffer containing 0.5% NP40 and deproteinization by digestion with 200 ~g of proteinase K per milliliter for 15 rain followed by phenol extraction and ethanol precipitation. Nuclear RNA was prepared by washing of the nuclei in hypotonic buffer containing 0.5% NP40 and extraction by use of guanidinium thiocyanate and acidified phenol/chloroform {Chomczynski and Sacchi 1987). Total cellular RNA was prepared by extraction with acidified phenol/chloroform in the presence of guanidinium thiocyanate. Specific mRNA concentrations were determined by RNase protection with antisense transcripts synthesized by T7 RNA polymerase in the presence of [a-s2p]UTP (Melton et al. 1984J . The E1A probe overlaps all of E1A and the first 139 bases of the E1B transcripts. The probe for E2A overlaps the 3'-most 90 bases of the major processed product. The VAI and VAII RNA probe overlaps both VA RNA genes.
Transcription run-on assays (Hofer and Damell 1981; Groudine et al. 1981 ) with nuclei isolated from 293 cells 5 hr after infection were performed in the presence of [~-a2p]UTP. Labeled RNA was purified by extraction with acidified phenol/chloroform in the presence of guanidinium thiocyanate (Chomczynski and Sacchi 1987) . The RNA was hybridized to denatured double-strand DNA fragments immobilized on nitrocellulose by use of a slot blot apparatus (McKnight and Palmiter 1979) . The blots were subjected to autoradiography, the bands excised from the filter, and the specific activity determined by liquid scintillation counting.
Labeling of TP
TP-DNA complexes were purified from virions banded twice in CsC1 gradients by sieve chromatography on Sepharose 4B-CL after lysis in SDS plus 2-mercaptoethanol (Challberg and Kelley 1981 ) . The complexes were then 12SI-labeled by incubation with Bolton-Hunter reagent on ice for 2 hr in 0.1 M NRB407 (pH 9.0), and repurified; the DNA was degraded by incubation in 1 M pyridine for 2 hr at 37~ and TP was resolved by SDS-PAGE.
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